MAGNETIC RESONANCE IN MEDICINE

Single-Shot Half k-Space High-Resolution Gradient-
Recalled EPI for fMRI at 3 Tesla

Andrzej Jesmanowicz, Peter A. Bandettini, James S. Hyde

Half k-space gradient-recalled echo-planar imaging (GR-EPI)
is discussed in detail. T,* decay during full k-space GR-EPI
gives rise to unequal weighting of the lines of k-space, loss of
signal intensity at the center of k-space, and a point-spread
function that limits resolution. In addition, the long readout
time for high-resolution full k-space acquisition gives rise to
severe susceptibility effects. These problems are substan-
tially reduced by acquiring only half of k-space and filling the
empty side by Hermitian conjugate formation. Details of the
pulse sequence and image reconstruction are presented. The
point-spread function is 3" times narrower for half than full
k-space acquisition. Experiments as well as theoretical con-
siderations were carried out in a context of fMRI using a
whole-brain local gradient and an RF coil at 3 Tesla. Using a
bandwidth of =83 kHz, well-resolved single-shot images of
the human brain, as well as good quality fMRI data sets were
obtained with a matrix of 192 x 192 over 16 x 16 cm? FOV
using half k-space techniques. The combination of high spa-
tial resolution using the methods presented in this article and
the high temporal resolution of EPI opens opportunities for
research into fMRI contrast mechanisms. Increase of percent
signal change as the resolution increases is attributed to
reduction of partial volume effects of activated voxels. Histo-
grams of fMRI pixel responses are progressively weighted to
higher percent signal changes as the resolution increases.
The conclusion has been reached that half k-space GR-EPI is
generally superior to full k-space GR-EPI and should be used
even for low-resolution (64 x 64) EPI.

Key words: echo-planar imaging; functional magnetic reso-
nance imaging; neuroimaging; MRI pulse sequence.

INTRODUCTION

Gradient-recalled echo-planar imaging (GR-EPI) is com-
monly used for fMRI (1), Full k-space trajectories witll o
64 x 64 matrix and multislice whole-brain coverage are
often used. The matrix can be extended to approximately
96 % 96, and use of interleaving techniques can improve
the resolution further (2—4). A 256 X 256 matrix in a
16-shot sequence has been reported (5).

Cohen and Weisskoff (6) have provided a review of the
history of EPL The first EPI articles by Mansfield (7) and
Manstfield and Pykett (8) employed partial k-space gradi-
ent recall on the free induction decay signal, but accord-
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ing to Cohen and Weisskoff (6), the images, although
tremendously promising, were not useful. An intense
effort to develop EPI methods occurred at the firm of
Advanced NMR Systems, Inc., in the period of 1985 (o
1990. Most of this effort was directed toward full k-space
spin-echo EPT (9, 10), although Rzedzian (11) received a
patent for a partial k-space version. This patent is, to the
best of our knowledge, the only formal publication, aside
from Mansfield’s early articles, that describes partial k-
space EPI

Jesmanowicz et al. (12) described in an abstract a par-
tial A-space gradieut-recalled echo-planar sequence and
reconstruction at the high spatial resolution of 256 x 256
matrix over 16 X 16 cm? in a single shol over a single
slice. The shot-to-shot repetition time for IMRI results
presented in the abstract was 1 s. The work was carried
outat 3T using a local gradient coil. This article develops
that abstract in more detail.

The principles of partial k-space trajectories and image
reconstruction are well known (see ref. 13). Extension to
high-resolution blipped GR-EPI, however, presents sev-
eral technical complications including a point-spread
function that is much greater in the phase-encoding di-
rection than in the frequency-encoding direction, the
need for phase and frequency offset correction in the
[requency-encoding direction, and the necessity of stay-
ing within Food and Drug Administration (FDA) guide-
lines for field-switching rates.

Our motivation was to achieve improved fMRI spatial
resolution together with adequate temporal resolution to
follow details of the hemodynamic response. For this
application, issues of fMRI contrast also arise. T.,* decay
is likely to be heterogeneous and nonexponential, as
discussed by Yablonsky and Haacke (14). Under the as-
sumption of exponential decay, 7,* in grey matter has
been estimated to be 40 ms at 3T (15, 16). It is well known
that the greatest sensitivity to the 7,* changes that are
responsible for blood oxygenation level dependent
(BOLD) contrast in IMRI occur when TE = T.,* (see, for
example, refs. 16 -18). There are two uncertainties in this
estimate: nonexponentiality of 7,*, as mentioned, and
the assumption that lines near the center of k-space are
most responsible for BOLD conltrast in image space.

Hall' k-space acquisition lowers the ratio of signal-to-
thermal noise by 2" relative to full k-space acquisition
neglecting T,* decay. However, for [MRI, half k-space
gradient-recalled EPI can result in a higher rather than
lower contrast-to-noise ratio because of a decreased
amount of 7,* decay during readout and the fact that the
center of k-space is acquired first. The benefits of partial
k-space acquisition relative to full k-space acquisition
increase as the feld strength increases and 7,* de-
creases. In addition, when using single-shot EPT meth-
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ods, the noise in fMRI tends to be dominated by physio-
logical fluctuations (see ref. 19 and citations therein).
This noise is actually a spatially encoded signal, but little
is known about the spatial distribution. As long as the
physiological fluctuations dominate the thermal noise
and partial voluwe elfects for the fMRI signal as well as
physiological noise can be neglected, the effective signal-
to-noise ratio would not be affected by resolution. How-
ever, the thermal noise will vary as the square root of the
pixel area, and at some as vet unknown spatial resolu-
tion, a crossover would be expected to occur where ther-
mal noise and physiological fluctuation signal were
equal. The crossover would be expected to vary anatom-
ically, be sensitive to the physiology of the microcircu-
lation (20), depend on the fMRI paradigm, differ for full
and half k-space acquisition, and depend on technical
factors that affect signal strength including RF coil, field
strength, and slice thickness.

Qur motivation for the present work was to develop a
methodology that will permit IMRI experiments at higher
spatial or temporal resolution. In this article, partial k-
space gradient-recalled EPI is described in detail in a
context of MRI at high spatial resolution.

METHODS
The y Axis Point-Spread Function

Figure 1a illustrates exponential loss of signal intensity
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FIG. 1. (a) An example of exponential loss of signal intensity
during readout for full k-space GR-EPI. Readout is from 0 to t. (b)
Loss of signal intensity for half k-space acquisition using the same
exponential as for (a). Readout is from O to t/2. For negative times
(dashed line), the complex conjugates of acquired data are used.

during readout because of T,* decay. This is a simulation
of conventional full k-space GR-EPI for a 128 X 128
malrix (7,* = 40 ms, bandwidth = +83 kHz). An initial
prephasing gradient centers k-space at (eaw)/2 where
eaw is the effective acquisition window. One edge of
k-space corresponding to high spatial [requencies is
heavily weighted, whereas the corresponding opposite
edge is very weakly weighted and the center of k-space is
weighted at an intermediate level.

Figure 1b illustrates signal loss for ideal half k-space
acquisition. The actual readout window begins at t = 0
and is of duration (eaw)/2. There is no prephasing gradi-
ent in this ideal case. The Hermitian conjugates of these
data are used to fill the empty side of k-space. This
corresponds to negative times in the figure, and the eaw
is the same as that of tull k-space acquisition. In practice,
a few so-called overscan lines are required to produce a
phase map for reconstruction of the image, and a weak
prephasing gradient is required. As is apparent from Fig,
1, the center of k-space is optimally weighted for half
k-space acquisition, and the integrated intensity is
greater than for full k-space acquisition,

The waveforms of Fig. 1 are given by Eqgs. [1] and [2].
where H is the Heaviside function. These waveforms give
rise to a point spread in image space, as was discussed in
refs. 21 and 22 for full k-space acquisition. A closed-form
expression of the y axis point-spread function can be
obtained for both waveforms by writing the discrete Fou-
rier transforms, converting them to continuous FTs, and
solving the integrals. In both cases, point-spread func-
tions of Lorentzian line shape are obtained when the
magnitudes are formed. The half-width at half-height
values are given by Eqs. [3] and [4].

(1]

[2]

\5I% eaw .

Vijoa = 7 [3]
20 Ty,*
1 eaw

Vijap = ;* P— (4]

m™ Ly

In these equations, the v, is expressed in units ()fpixels,
which corresponds to a distance in image space. It is
notable that the point spread is narrower for half k-space
acquisition by a factor of 3" relative to full k-space ac-
quisition at the same resolution.

Table 1 lists actual readout times for the experiments
described in this paper. Using these values, the point
spreads for full and half k-space are given in Table 2,
assuming T.,* = 40 ms and the image size is 16 X 16 cm®.
Resolution is limited by pixel size or by the point spread,
depending on which is larger. At low resolution, the
pixel size dominates, whereas at high resolution the
point spread dominates. The entries of Table 2 suggest
that 192 X 192 would be a good compromise for the
technical parameters used in this work.
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Table 1
Echo and Readout Times (ms)
TE Readout time
Resolution Full Half Full Half
k-space k-space k-space k—space

64 x 64 23.0 9.2 37.4 23.6
128 x 128 66.4 12.6 123.8 70.1
192 < 192 134.4 16.1 259.4 1411
256 < 256 226.9 19.5 444 1 236.7

A simulation comparing half and full k-space acquisi-
tion using a one-dimensional phantom has been carried
out. Figure 2a illustrates the phantom, with the detailed
description given in the figure caption. The phantom of
Fig. 2a is convolved with the I'T of the T,* devay wave-
form to create the one-dimensional images, some of
which are shown in Figs. 2b—2e.

Because the effective echo time is longer, the absolute
signal intensities for full k-space acquisition are much
lower than in half k-space acquisition (Fig. 2). This is
because the center of k-space is acquired much later in
full than in half k-space acquisition. For example, the
signal is too low to display on the same scale for a 256
matrix at full k-space. On the other hand, since the high
spatial frequencies for one side of full k-space are ac-
quired first in full k-space acquisition, edges are rela-
tively enhanced in the full k-space cases.

This simulation considers only signal, not noise. At
64 > 64, the signal for full k-space is 65% of the half
K-space signal. If thermal noise dominates, the noise in
the two halves of k-space will be coherent for partial
k-space EPI and incoherent for full k-space EPI, which
gives an advantage to full k-space of 2 The two meth-
ods would be virtually identical in SNR when the TE
values are in each case as short as practical. If noise is
physiological in origin as is the case for fMRI, the noise is
spatially encoded, and the simulation of Fig. 2 would
reflect the actual SNRs. As the resolution increases, the
advantage of half k-space GR-EPI increases rapidly. as is
apparent for the 192 X 192 example in Fig. 2.

Scanner

All studies were performed on a 3-T BIOSPEC 30/60
Bruker —scanner  (Bruker Medizintechnik GMBH,
Karlsruhe, Germany). Image reconstruction was done us-
ing an HP 748 VME workstation (Hewlett-Packard, Inc.,
Palo Alto, CA). A balanced torque 3-axis local gradient
coil and endcap bandpass birdcage RF coil, as described
inrefs. 23-25, were used. The rise time was set to 96 S,
a gradient strength of 2.4 G/cm, and a peak field strength
of 20 G. The maximum dB/dt was 20 T/s, which is within
the 1988 FDA guidelines. The gradient and RF coils were
specitically designed for optimum performance over the
adult human brain. Use of a local head gradient coil for
human EPI studies was introduced by Turner et al. (26).

Use of a local gradient coil with partial k-space EPI
permits acquisition of a sufficient number of lines of
k-space, as T,* decay proceeds, to achieve a resolution in
the range of 192 X 192 to 256 X 256 aver 16 X 16 cm?
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FOV. A trade-off exists between spatial resolution and
temporal resolution. In work in progress, partial k-space
acquisition using a local gradient coil is being used to
extend the temporal resolution at lower spatial resolu-
tion (27).

Shim coils of the 60-cm diameter magnet reduce the
useful diameter to 53 cm. The gradient coil is al iso-
center. It has a nominal diameter of 30 cm and is suffi-
ciently separated from the magnet cryostat walls that
gradient eddy currents are minimal. No active gradient
shields are employed. The “preemphasis” feature of the
Bruker system permits correction of residual eddy-cur-
rent effects. The gradient rise time in the present study
was 96 ps, and the peak gradient strength was 2.4 G/cm.
Techron power amplifiers (Model 8607) installed by us
provided current to the gradient coil. The FDA dB/dt
guideline that is relevant to the present situation is, for
axial gradients, that dB/dt < 2400/7 T/s where 7 is the
rise time in ps and 12 ps < 7 << 120 ps. For transverse
gradients. dB/dt should not exceed 2 times the axial
limit. In the present experiments for all axial and trans-
verse gradients, dB/dt values were <20 T/s. The gradient
coil design in the z direction results in a linear gradient
over approximately 18 cm, giving good brain uniformity.
The gradient field falls off rapidly at greater distance to
stay within FDA guidelines.

A Pentek 16-bit A/D converter with a sampling rate up
to 2 MHz was incorporated. An intermediate frequency
of 1.25 MHz was employed, with subsampling using an
A/D conversion rate of 4/5 of the intermediate frequency,
i.e., 1T MHz (28, 29). Odd digitized words provide in-
phase information, and even digitized words provide
in-quadrature information. Every other odd point (and
similarly, every other even point) is inverted in sign,
resulting in I (and Q) signal channels. This scheme per-
mits detection of both T and Q in a single amplifier
pathway using a single A/D converter. Additional filter-
ing was done digitally, resulting in a bandwidth of +83
kHz.

Pulse Sequence

The half k-space GR-EPI pulse sequence used here is
shown in Fig. 3, and the resulting array of complex data
i k-space is shown in Fig. 4a for the case of 256 X 256
matrix dimensions. Eight so-called overscan lines are
acquired initially to reach the center of k-space. The
central blip is removed, see refs. 30 and 31, to create a
redundant pair of lines collected in opposite directions at
the center of k-space. These lines are used for horizontal
(x axis in k-space) phase and frequency-offset correction.
One advantage of the sequence of Fig. 3 is that these two

Table 2
Point Spreads (Half Width at Half Height)

Full k-space Half k-space

) Pixel Size
Resolution
(mm) Pixels mm Pixels mm
64 > 64 2.50 0.26 0.65 0.19 0.48
128 X 128 1.25 0.85 1.06 0.56 0.70
192 % 192 0.83 1.79 1.49 112 0.93
256 X 256 0.62 3.06 1.91 1.88 1.18
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FIG. 2. (a) One-dimensional phantom used for simulations. There
are seven pairs of lines, The widths of the lines in each pair are
equal and the same as their separation. Widths are in the progres-
sion 64, 32, 16, 8, 4, 2, and 1 pixels. (b)-(e) One-dimension
simulated images as a function of resolution for full and half
K-space acquisitions.

lines are acquired at minimal delay after the 90° pulse
and exhibit high SNR. The sequence then proceeds to fill
lines 129 to 256 of k-space with 128 readouts. As de-
scribed later (see Reconstruction section), the eight over-
scan lines are needed to produce the phase map that is
necessary to center the central echo on the central pixel,
which is required to fill the empty lines of k-space (re-
gion A of Fig. 4a). The area of the prephasing gradient
(Fig. 3) equals the total area of the eight y axis overscan
blips.

The order of acquisition illustrated in Fig. 3 permits
the echo time to be as short as possible, and this is
particularly important at higher resolution. Echo times
and readout times as a function of spatial resolution are
shown in Table 1 for full and half k-space EPI using the
scanner parameters given above. As can be seen [rom
Table 1, the echo time for half k-space acquisition is
about one-half of 7.,* at 256 X 256 matrix, and the read-
out time exceeds 17, * by a factor of 5 or 6. For IMRI, it is
estimated that use of a TE of 20 ms with a T,* of 40 ms
reduces fMRI contrast relative to use of a TE of 40 ms by
15%, which is acceptable. However, a question can be
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raised about whether the last lines of k-space acquired in
the 256 x 256 hall k-space sequence can in principle
make a meaningful contribution to resolution when T, *
Is 40 ms. This question is addressed experimentally in
the Results section. Since 7T,* is presumably heteroge-
neous and decay is likely to be nonexponential (14), an
experimental approach is appropriate. If full k-space
were to be acquired, there would be very little signal
intensity remaining at the center, which would be very
deleterious. A calculation of fMRI contrast for full k-
space 256 X 256 acquisition assuming 7.,* = 40 ms and
TE = 226.9 ms shows that the contrast drops by a factor
ol 20 relative to the contrast when TE = 40 ms.

In summary, the central issue in single-shot high-res-
olution GR-EPI arises in the trade-off between the num-
ber of lines of k-space that must be acquired and decay of
signal intensity because of T,*. Use of partial k-space
sequences reduces the number of lines that must be ac-
quired for a given matrix size by approximately a factor
of two. This in turn permits the use of a shorter echa
time. The reduction in TE for half k-space acquisition
becomes increasingly significant as the resolution in-
creases (see Table 1) because the center of k-space pro-
gressively drops in intensity for full k-space acquisition.

Reconstruction

Reconstruction issues associated with partial k-space ac-
quisition were summarized by Margosian (32). Purdy (33,
34) proposed a method of reconstruction of half k-space
data sets that has been followed with minor modifica-
tions in this work.

Figure 4a is a diagram of k-space in which lines of data
actually acquired are indicated by the shaded area. In
addition to acquisition of half k-space, lines 120-256, N
overscan lines are acquired adjacent to line 129. In Fig.
4a and in all of the work described here, N = 8. Acqui-
sition begins with line 121 and proceeds to line 256. As
discussed above and illustrated in Table 1, this order of

overscan
lines 1/2 of k-space

[ Central echo
Reference echo

A NI NI AN
t Removed blip

Prephésing
gradient

FIG. 8. GR-EPI half k-space pulse sequence used in the present
work.
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FIG. 4. Half k-space reconstruction for the case of 256 x 256. (a)
The original data including eight overscan lines. (b) Reduced data
set used to produce the phase map. (c) Phase-corrected original
data. (d) Filling of k-space by Hermitian conjugate formation.

acquisition results in a much shorter TE value than
would be the case if one scanned from line 1 to line 136
or. equivalently, from line 256 to line 121.

According to the symmetries of the FT, if the raw data
have a symmetrical real part (I) and an asymmetrical
imaginary part (Q), then the image is purely real as, of
course, it must be. The first step in reconstruction is to
center the data on line 129 of k-space such that I and Q
have the requisite symmetries. The reduced I and Q
matrices are formed from the lines of k-space shown in
Fig. 4b, inserting zeroes in spaces B and C. These data are
Fourier-transformed to produce 256 x 256 real and imag-
inary images. From these images, a pixel-by-pixel phase
map (arc tan(l,,/Qy,)). where I, and Q,, refer to the image
real and imaginary intensities, is constructed and saved.
This phase map has dimen-

256 % 256, but actu-
ally has 256 resolution only in

sions of

the x direction, It is smoothed
in the y direction as would be
expected for 2N resolution.
The original data set (Fig.
4a) is transformed to image
space and the phase map is
used to correct the values such
that all information resides in
I, and no intensity is left in
Q,; except for small discrepan-
cies between the actual y axis
image resolution and the y axis
smoothed phase map. The
phase-corrected image is then
brought back to k-space by in-
verse F'T (Fig. 4¢). The data are
now centered on line 129,
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With the data centered and phase corrected, the top part
of k-space is filled by the Hermitian conjugate of the
lower part according to Eq. [5] (see Fig. 4d).

raw( — kx, — ky) = raw*(kx, ky) [5]

Note that only lines 2—122 are filled. No data exist to fill
line 1, and it is set to zero. It is also necessary to zero-fill
one-half of a vertical column, as indicated in Fig. 4d.
Original phase-correcled data are used for lines 123—128.
Use of six phase-corrected lines for 123-128 and two
Hermitian conjugate lines for 121 and 122 was deter-
mined empirically and is a trade-off between SNR and
artifacts. Finally, the complex data of Fig. 4d are trans-
formed to image space.

The final image is produced by forming [1,* + Qu,*]*%
In principle, all data should be real, and image I,, should
be sufficient. In practice, forming the image from the
square root of the sum of the squares suppresses effects of
residual phase errors as well as a few pixels with nega-
tive values of T,. Image formation from I, alone, setting
negative values either to zero or to absolute values was
also evaluated.

The two-pass phase-correction method suggested by Purdy
(33) was implemented in the present work but gave no appar-
ent benefit, presumably because the original EPI data are so
low in quality compared with conventional spin warp data.
Geomelrical error arising from local susceptibility differences
between bone, tissue, and air can be corrected using the meth-
ods of refs. 35 and 36, but with partial k-space acquisition. A
field map is produced by acquiring the last image in the data
set using a TE value that is shifted by 1 ms. For half k-space,
the image has only 16-pixel resolution in the phase-encoding
direction. However, this is sufficient to obtain a 7 X 7 poly-
nomial magnetic field map, which is the same dimensionality
used for standard full k-space algorithms (35, 36).

RESULTS
Phantoms

A phantom was constructed to evaluate spatial resolu-
tion. The T, value of the phantom was adjusted by add-

FIG. 5. Single-shot half k-space images. (a) 192 x 192 and (b) 256 x 256 from the resolution
phantom. The FOV is 16 X 16 cm? and the phasae-encading direction is vertical.
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FIG. 6. Resolution profiles. See RESULTS: Phantoms section for
details.

ing CuSO, until it was approximately equal to T,” of the
brain. A value of 50 ms was measured in the phantom.
Figure 5 shows half k-space images at (a) 192 X 192
(reconstructed to 256 > 256 by zero filling) and (b) 256 X
256. Figure 6 shows resolution profiles along two vertical
lines, one closer to the apex of the object on the right and
the other farther from the apex. The more widely epaced
struts, when farther from the apex. caunot be resolved al
128 > 128 but can be readily resolved at 192 x 192. The
more closely spaced struts at the line closer to the apex
cannot be resolved at 192 % 192 but can be resolved at
256 % 256. The point-spread function and lower signal
intensity at the outer edge of k-space lower the resolu-
tion; nevertheless, it is better than if these lines had not
been acquired at all.

The profile labeled “256* truncated” was obtained by
using only the first 64 lines of
k-space of the data set of the
2567 profile above to arrive at
256 % 128 and displayed as a
256 > 256 image. It is mark-
edly lower in resolution. This
trace establishes the impor-
tance of the outer lines of k-
space in 2567 image formation
even in the presence of sub-
stantial T,* decay.

The profile labeled “2567 en-
hanced” was obtained by artifi-
cially eliminating T,* decay by
multiplying the exponential de-
cay by an exponentially in-
creasing function. The result is
increased resolution but with
lower SNR. Imaging situations
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may exist where this trade-off between resolution and SNR
is useful to explore.

Figure 7 shows 256 x 256 single-shot full (a) and half
(b) k-space images from a three-dimensional grid phan-
tom. The 1.25 % 1.25 x 1.25 cm cubicles are separated by
plastic septa. Not only is the full k-space image noisier,
bul also signal dropout because ol the long echo time
(227 ms) for full k-space compared with 20 ms for half
k-space 1s much more pmuumu,m-l (see Table 1). The
scalloped appearance of the septa arises from an off-
resonance susceptibility effect that depends on the time
between readouts of adjacent lines. 1t is the same for both
full and partial k-space and can be corrected using field
maps (36). Tentatively we attribute small bright spots
near dark edges (Fig. 7b) to v axis blurring of the phase
map.

Human Anatomic Images

Figure 8a shows a 192 X 192 partial k-space single-shot
image of the human head. Tmage formation was carried
out by zero filling to 256 x 256, followed by the FI'T.
Figure 8b shows a 256 x 256 partial k-space image from
the same subject in nearly the same plane-of-section.

These images are very similar, but close inspection re-
veals some differences. Gibbs artifacts from zero filling of
the 192 x 192 data set are more apparent in I'ig. 8a. In
addition, the image appears somewhat blurred because of
the smoothing that occurs from zero filling. Our initial
opinion was that Fig. 8b demonstrated higher spatial reso-
lution.

To test this tentative conclusion, the outer 64 lines of
the 256 % 256 data set used for Fig. 8b were set to zero,
and an image formed that was then subtracted from Fig.
8b. Thie difference image contained, to a good approxi-
mation, only Gibbs artifacts. There appeared to be no
additional anatomic information in Fig. 8b compared
with Fig. 8a. The reason that Fig. 8b appeared to have
better resolution relative to Fig. 8a was not that I'ig. 8b
exhibited higher resolution through acquisition of outer
lines of k-space, bul rather that Fig. 8a was degraded by
Gibbs artifacts arising from zevo filling to employ con-
ventional 2D FFT reconstruction in dimensions that are
powers of 2.

FIG. 7. Images from a three-dimensional rectangular grid phantom. (a) Full and (b) half k-space.
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FIG. 8. Single-shot GR-EPI anatomic images. (a) 192 < 192 over 16 x

256. (b) 256 X 256.

Within the constraints of FDA dB/dt guidelines, the
hardware presently available, and 7.,* in the human head
at 3T, 192 ice acquisition may well be

192 half k-
optimum. Reducing the readout time in the x axis for
192 % 192 relative to 256 X 256 will improve signal
intensity of outer lines of k-space in the phase-encoding
(v axis) direction. It is remarked that Gibbs artifacts can
be eliminated using a radix FF'T procedure that involves
powers of 2 plus one power of 3 without significant loss
of efticiency (37), noting that
192 = 2° 3.

It is concluded that 7,* de-
cay in the human brain at 3T
places a limit on the number of
lines of k-space that can be ac-
quired to approximately 96.
Yartial k-space methods can be
used to produce 192 X 192 im-
ages. Improved resolution at

R

256 % 256 was seen in the
phantom (Fig. 5) where T, =
50 ms, although the resolution
was not improved in the hu-
man head where 7,* 40 ms
at 3T. The amount of time
spent for readout is about eight
times greater than the amount
of time spent for field switch-
ing in the experimental config-
uration used here. If the gradi-
ent strength, the rise time, and
the bandwidth were all to be
doubled, the resolution would
be further improved, and
dB/dt would be unchanged.
Because T,* values are longer
at 1.5T (we estimate 60 ms), it
is predicted that true 256 X
256 resolution can be achieved
at that field strength using the
existing experimental configu-
ration.

Jesmanowicz el al.

MR

Half k-space IMRI experiments
were carried out to demon-
strate feasibility of the se-
quence for this application.
IMRI  data sets
were obtained one after the
other at progressively higher
resolutions from 64 X 64 to
256 X 256. A conventional fin-
ger-lapping
used. All images were resa-
mpled to a resolution of 256 %
256 for comparison. Magnified
correlation images of the right
motor corlex region are shown
in Figs. 9a, 9b, 9¢, and 9d, at
progressively higher resolu-
tion. See the figure caption for
technical details of image acquisition.

Figure 10 is a comparison of histograms ol percent
enhancement at three different resolutions. A mask in the
right motor cortex was created by including any pixel
that passed a 0.4 correlation coefficient threshold in at
least one of the image sets that were acquired as a func-
tion of resolution. Since all images were resampled to
256 % 256, the number of pixels in the mask was the
sanie for each resolution. The ordinate is the number of

successive

yaradigm was
O

16 cm?, zero filled to 256 x

FIG. 9. Percent change maps of the right motor cortex. Slice width was 5 mm, and the FOV was
. 16 cm. Image matrix sizes and corresponding voxel sizes were: (a) 64 » 64 and 2.5 mm?; (b) 128 <
128 and 1.25 mm?; (¢) 192 % 192 and 0.83 mm~; (d) 256 % 256 and 0.62 mm-”. TE was 20 ms for
each image, and the bandwidth was 166.6 kHz. Partial k-space acquisition and conjugate syn-
thesis reconstruction were used for all time series. TR = 1 s. Each time series consisted of 120
images. The bilateral finger-tapping paradigm was 30 s off, 20 s on, 20 s off, 20 s on, 30 s off. All
the images were reconstructed onto a 256 x 256 matrix.
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FIG. 10. Histograms of the number of voxels versus percent en-
hancement as a function of resolution. All voxels in the histograms
were obtained from the same region of interest. The data were the
same as those used to form the images in Fig. 9.

pixels in a 1% bin. The percent enhancements were
deternined how the rativ of the signal during finger
tapping to the signal at rest for every pixel falling within
the mask. A three-point running average was applied to
the data to smooth fluctuations. Data for 256 % 256 are
similar to 192 x 192 and are not plotted in Fig. 10. There
are a few pixels that exhibit exceptionally high percent
enhancements and are outside the range of the plot of
Fig. 10. These include three pixels in the 192 X 192
image that are above 70% enhancement.

At 64 < 64 resolution, the percent enhancement is
centered at 5%, with very few pixels at 0% to 1% and
none above 10%. As the resolution increases, the breadth
of the distribution increases progressively. For example,
in the range of 10% to 20%, there are no pixels in the
64 < 64 image, 44 in the 128 X 128 image, and 62 in the
192 % 192 image. In the 20% to 30% range, the corre-
sponding numbers are 0, 4, and 11 pixels. Also from Fig.
10, there is a moderate increase in the number of pixels at
very low percent enhancement as the resolulion in-
creases.

Increase in histogram breadth with increase in resolu-
tion is a new result in fMRIL Although other work has
shown a decrease in activated area and an increase in
percent signal change as resolution increases (16, 38, 39),
an increase in the histogram breadth is a clarifying per-
spective on this result. This comparison of a wide range
of EPI resolutions—only possible using hall k-space ac-
quisition—clearly demonstrates a reduction in partial
volume averaging of inactive regions. The increase in the
histogram width toward higher fractional signal changes
indicates one or both of the following: (1) An increased
stratification of blood volume in each voxel; large vessels
are more likely to contribute a large fraction of the signal
to a voxel if the voxel is smaller (i.e., closer to the spatial
scale of more vessels), whereas the capillary density per
voxel is not dependent on resolution (capillary size is
much smaller than the voxel scale); (2) decreased partial
volume averaging of inactive tissue. The actual units of
cortical activation mayv be on the same scale as the
smaller voxels. An increase in the histogram width in the
direction of lower fractional signal changes indicates an
increase in voxels that do not contribute to the signal
changes, which were previously averaged into the lower-
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resolution signal changes. The slice thickness is rela-
tively large (5 mm) compared with the in-plane voxel
dimensions, which suggests that even larger percent en-
hancements could be obtained by using thinner slices. A
general conclusion is that half k-space acquisition offers
a new opportunity for investigation of mechanisms of
fMRI contrast.

CONCLUSIONS

1. A local gradient coil seems to be required to obtain
single-shot high-resolution EPT images within the con-
straints imposed by the FDA guidelines for field-
swilching rates. A trade-off exists in local gradient coil
design between the gradient rise time and the peak
gradient strength. The constraints in determining the
tracle-oft are the point-spread function and the number
of lines of k-space that can be acquired with adequate
SNR during 7.,* decay. For a given resolution, in
creased gradient strength and increased bandwidth
would increase signal strength because of reduced T.,*
decay, decrease the point spread, and introduce addi-
tional thermal noise.

2. Partial k-space acquisition is advantageous for sin-
gle-shot high-resolution GR-EPIL. There are four as-
pects to this conclusion: First, because of T,* decay,
the signal intensity is higher. Second, because noise
is physiological and spatially encoded, SNR esti-
mates that are based on the assumption of dominant
thermal noise are no longer relevant. Third, the
point-spread function is narrower in half k-space
than in full k-space acquisitions by a factor of 3"
Fourth, loss of signal intensity that arises [rom
dephasing because of bone-tissue-air susceptibility
effects is intrinsically reduced in half k-space im-
ages because of the reduced TE values.

3. High-resolution, single-shot fMRI data can be
achieved at 3T. Images obtained in the present work
demonstrate 192 % 192 resolution over 16 cm®. A
decrease in partial voluming results in substantially
increased percent signal change as the resolution
increases. In some cases, the first shot in an fMRI
time course, which is heavily T, weighted, may be
adequate as an anatomic image, which would over-
come any problems of misregistration arising from
susceplibility effects. The condition that TE should
equal T,* for best conlrast-to-noise in fMRI is vio-
lated for half k-space acquisition, resulting in a 15%
theoretical loss of contrast using TE of 20 ms and
assuming 7,* equals 40 ms. It is much more
strongly violated for full k-space acquisition at high
resolution, making IMRI essentially impossible (see
Table 1).

4. 'I'here remain some reconstruction errors in the par-
tial k-space images and there seem to be several
opportunities for further improvement of the proce-
dures used here for reconstruction. We have imple-
mented 3/4 k-space acquisition with partial k-space
reconstruction. The extra overscan lines improve
the phase map and seem to reduce artifacts.
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